We present an experimental demonstration of an optical phased array implementation on silicon nanomembrane. The integrated on-chip array configuration is non-uniform and avoids grating lobes inside the field of view during beam steering while allowing the waveguide separation to be large enough to prevent optical coupling. A 1 Â 12 multimode interference beam splitter uniformly excites the arrayed waveguides. Individually controllable micro-heaters modulate the optical phase in the arrayed waveguides. A beam steering angle of 10.2 in a silicon planar guide equivalent to an effective steering angle of 31.9 in air is demonstrated at 1.55 lm.
We present an experimental demonstration of an optical phased array implementation on silicon nanomembrane. The integrated on-chip array configuration is non-uniform and avoids grating lobes inside the field of view during beam steering while allowing the waveguide separation to be large enough to prevent optical coupling. A 1 Â 12 multimode interference beam splitter uniformly excites the arrayed waveguides. Individually controllable micro-heaters modulate the optical phase in the arrayed waveguides. A beam steering angle of 10.2 in a silicon planar guide equivalent to an effective steering angle of 31. 9 in air is demonstrated at 1.55 lm. Traditionally, optical beam steering has been achieved through mechanically controlled MEMS system 1 and liquid crystal (LC) based optical phased arrays (OPAs). [2] [3] [4] While mechanical beam steering provides high steering efficiency and relatively large scanning angles, high precision rotating stages are required, which increase the device complexity and are not fast enough for high speed applications. LC OPAs are capable of beam steering without expensive and complex mechanical systems but suffer from low steering speed ($10 ms) and limited steering angle (<10 ). 4 Also, increased steering angle causes degradation of the side-lobe level (SLL) and prohibitively coarse angular resolution. 5 OPAs can also be implemented using waveguide arrays. A 2-element waveguide array on GaAs with GHz steering speed was demonstrated with a maximum steering angle of $6
. 6 A thermo-optically controlled waveguide array fabricated on silicon-on-insulator (SOI) demonstrated a steering angle of 2.3 at a wavelength of 1550 nm. 7 For uniform OPAs capable of large angle beam steering, an inter-element spacing of about one-half the operating wavelength is required which would result in strong coupling between adjacent waveguides in the array. In order to overcome this trade-off between the maximum steering angle and waveguide spacing for linear uniform arrays, we proposed a non-uniform array consisting of uniform sub-arrays with non-overlapping grating lobes. 5 Also, compared to a uniform array with half-wavelength spacing, the larger total aperture of such an array results in narrower beam width in the far field, which is advantageous for scanning applications. 5 In this letter, we report the implementation of a nonuniform optical array for large angle beam steering.
A schematic of the OPA device on SOI is shown in Figure 1(a) , showing both photonic and electronic layers vertically separated by a layer of silicon dioxide for optical isolation. The beam propagation simulation of the photonic circuitry of Figure 1 (a) at k ¼ 1.55 lm is shown in Figure  1 (b). The optical input power is uniformly divided into 12 waveguides using a 1 Â 12 multimode interference (MMI) beam splitter, which has a width and length of 60 lm and 553.4 lm, respectively. The input and output access waveguides' widths are 2.6 lm, which has been optimized for high MMI performance. 8 The MMI output access waveguides' widths are adiabatically tapered down to 500 nm over 250 lm length using a linear taper for single mode operation. Previously, we reported that this MMI coupler has an insertion loss of 1.13 dB and uniformity fluctuation within 0.72 dB. 9 The input light is transverse-electrically (TE) polarized that provides higher optical mode confinement compared to the transverse-magnetic (TM) polarization for 500 nm Â 230 nm single mode silicon waveguides [ Fig.  2(a) ]. Also, due to the large index discontinuity at the top and bottom waveguide faces, the TM mode profile has larger vertical spread that reaches the micro-heaters and results in high propagation loss with a 1 lm top cladding of SiO 2 .
There are 12 independently addressed 800 nm wide and 500 lm long thermo-optic (TO) phase modulators, as depicted in Fig. 1(a) , to provide continuous phase tuning needed for beam steering. Independent phase shifters enable us to reset with modulo 2p phase shifts (2mp þ Dh n ¼ Dh n , where m is a positive integer and Dh n is the phase shift of the nth element). 10 The following passive s-bend phase shifters [ Figure 1(b) ] compensate for the quadratic MMI beam splitter output phase profile 11 and change the separation of the uniform MMI outputs to that of the non-uniform array. This phase compensation allows the output beam to be steered at 0 when no heat is applied to the 12 phase shifters. The waveguides are then arranged in a non-uniform 12-element array, consisting of 3 four-element uniform sub-arrays, as shown in Figure 2 (a). The spacing of each ith sub-array s i is chosen such that there is no overlap of its far-field grating lobes with those of the other sub-arrays. 5 The smallest interelement spacing is 3.1 lm and the total array size is A ¼ 46.5 lm.
The OPA output waveguides are terminated at a 1 cm long silicon planar guide, in which the interference of the light from the 12-channel array results in beam steering at the far field zone. The steering angle is observed along the For the far field condition to be satisfied, n eff A 2 =ðDkÞ < 1 is required, 12 where A is the aperture size of the OPA, k is the operating wavelength, D is the distance of the observation point from the array (here the length of the silicon planar guide), and n eff is the effective refractive index of propagation inside the silicon slab. Similar to the uniform array, the non-uniform array is linearly phased, that is for any nth array element, c n =j d n À j ¼ r, where c n is the phase applied to the nth element, d n À is the position vector of the nth element, and r is a constant. The steering angle inside the silicon planar guide is given as u s ¼ arcsinðx ffiffiffiffiffiffiffiffiffi le eff p =rÞ. Note that as the beam reaches the end of the slab and enters free space, its direction is governed by Snell's Law. The theoretical far field patterns for steered and non-steered beams are shown in Figure 2 (b).
We used SOI from SOITEC with 3 lm buried oxide (BOX) and 250 nm top silicon layer, which is thermally oxidized to create an oxide etch mask, leaving a final silicon thickness of 230 nm. Electron beam lithography and reactive ion etching is used to pattern this layer to form the photonic circuitry. A scanning electron microscope (SEM) picture of the interface between the unequally spaced OPA and silicon nanomembrane planar guide is shown in Figure 3 Figure 3(b) .
We engineered the "bread loafing" effect in which selfaligned voids are formed during PECVD oxide deposition and are shown in Figure 4 (a). COMSOL MULTIPHYSICS simulations in Figure 4 (b) indicate the effectiveness of these voids in directing the generated heat toward the silicon waveguides by reducing lateral heat transfer, and, therefore, reducing the required power for phase shifting. To accurately characterize the phase perturbations of the thermo-optical modulators, we fabricated Mach-Zehnder (MZ) modulators alongside the OPA devices with dimensions identical to the OPA with regard to waveguide and heater geometry. We experimentally confirmed a switching power of P p ¼ 12.4 mW along with a switching time of 9.8 ls which corresponds to a steering speed of 100 kHz.
TE polarized light at 1550 nm from a polarization maintaining lensed fiber (PMF) with a 2.5 lm output mode diameter was coupled into the input waveguide. An infrared (IR) camera connected to a variable objective lens captured the top-down far field image at the end of the silicon planar guide.
For active beam steering, we first set the input voltages to thermo-optically modulate the array phases in such a way that the electrical power applied to the micro-heaters, and, therefore, the applied phase shift of the corresponding array element, is linearly proportional to the distance of the element from the origin. Figure 5 (a) demonstrates the measured beam steering angle at the edge of the silicon planar guide, along with the theoretical steering angles as a function of the electrical power to the outermost array element, which needs the largest phase shift. The required electrical input power is calculated using the phase shift data from the MZ test. As shown in Figure 5 (a), when the steering angle increases, the power required for beam steering without reset becomes prohibitively large for our voltage source and limits us to a steering angle of 2.5 inside the silicon planar guide. Figure  5 (a) also shows beam steering angles achieved with reset by applying modulo 2p phase shifts to the independently controlled electrodes. We were able to steer the beam at 10.2 inside the silicon planar guide equivalent to an effective angle of 31.9 in air as predicted by Snell's Law, with SLL better than À3 dB, while limiting the maximum power per channel to less than P 2p ¼ 24.8 mW.
Using a similar technique as in Ref. 12, the OPA far field is observed and is used to characterize its output performance. Figures 5(b) and 5(c) demonstrate the OPA performance characterization based on the power efficiency and SLL as functions of the measured steering angle, respectively. The power efficiency is calculated by integrating the intensity over the angle interval that constitutes the main lobe (within 1/e 2 of the maximum beam intensity). The resulting is then normalized to intensity integrated over À90 to þ90
. From the simulations, we expect À4 dB SLL at 10.2 . The degradation in the performance is due to the variation in P 2p of the micro-heaters, which results in increasing inaccuracies in the applied phase shift as the number of resets increases at larger steering angles. Using the effective index of the planar guide, n eff ¼ 2.9, we determine that the 10.2 steering in the planar guide corresponds to a steering angle in free space of 31. 9 . In summary, using a silicon nanomembrane based unequally spaced 1 Â 12 waveguide array for actively tuned OPA that relaxes the strict waveguide spacing requirement for large angle beam steering, we have demonstrated a steering angle in free space of 31.9 at 1.55 lm wavelength. Our optical beam steering system is fabricated on SOI using CMOS compatible processes. Phase modulation is achieved thermo-optically via the use of thin-film metal heaters that are independently controlled. We have demonstrated that low-power optical beam steering is possible by applying modulo 2p phase shifts to the independently controlled electrodes. The steering speed is determined by the TO phase shifting mechanism and is 100 KHz using the TO effect, which is 2 orders of magnitude larger than LC OPAs.
